Rationale Exercise appears to be a promising nonpharmacological treatment for nicotine addiction that may be useful for the vulnerable adolescent population. Objectives The aim of this study is to determine if wheelrunning, an animal model of aerobic exercise, during an abstinence period would decrease subsequent nicotineseeking in rats that had extended access to nicotine selfadministration during adolescence. Methods Male adolescent rats (n=55) were trained to selfadminister saline or nicotine infusions (5 or 10 μg/kg) under a fixed ratio 1 schedule with a maximum of 20 infusions/day beginning on postnatal day 30. After 5 days, access was extended to 23 h/day with unlimited infusions for a total of 10 days. After the last self-administration session, rats were moved to polycarbonate cages for a 10-day abstinence period where they either had access to a locked or unlocked running wheel for 2 h/day. Nicotine-seeking was examined following the 10th day of abstinence under a within-session extinction/cue-induced reinstatement paradigm. Results Intake was higher at the 10 μg/kg dose as compared to the 5 μg/kg dose; however, intake did not differ within doses prior to wheel assignment. Compared to saline controls, rats that self-administered nicotine at either dose showed a significant increase in drug-seeking during extinction, and consistent with our hypothesis, exercise during abstinence attenuated this effect. Nicotine led to modest but significant levels of cue-induced reinstatement; however, in this adolescent-onset model, levels were variable and not affected by exercise. Conclusions Exercise may effectively reduce relapse vulnerability for adolescent-onset nicotine addiction
Introduction
Cigarette smoking is the leading cause of preventable death in the USA and is a major health concern worldwide (Danaei et al. 2009; World Health Organization 2003) . Most smokers initiate use during adolescence and those that do find it more difficult to quit later in life (Breslau and Peterson 1996) . Adolescents are also known to progress to addiction more rapidly despite smoking less than adults (Tanski et al. 2004) . Although rates of smoking have tapered off over recent decades, an alarming number of individuals begin smoking each year, and these rates are on the rise among adolescents (i.e., 1.5 million in 2009 compared to 1.3 million in 2002; SAMHSA 2010). Although there are FDAapproved cessation treatments for nicotine addiction, none have been approved for adolescent populations, and the use of such pharmacotherapies is controversial in adolescents due to ongoing neurodevelopment (Kaplan and Ivanov 2011) .
Exercise appears to be a promising non-pharmacological treatment for nicotine addiction that may be useful for the vulnerable adolescent population. Clinical studies in adults have shown that acute bouts of exercise decrease cigarette craving, withdrawal symptoms, and cue-elicited craving (Bock et al. 1999; Taylor and Katomeri 2007; Janse Van Rensburg et al. 2009 , Haasova et al. 2012 . However, the long-term effect of exercise in maintaining abstinence in adults is less clear and requires more rigorous effort and attention in the field (for review, see Ussher et al. 2012) . In animals, wheel-running, a model of aerobic exercise, appears to have both and short-and long-term beneficial effects. Specifically, wheel-running has been found to effectively reduce the self-administration of other psychostimulant drugs such as cocaine and methamphetamine and to decrease drug-seeking when contemporaneously available (Miller et al. 2011; Zlebnik et al. 2010 Zlebnik et al. , 2012 Smith and Pitts 2011; Smith et al. 2008 Cosgrove et al. 2002) . Wheel-running during abstinence has also been shown to decrease subsequent cocaine-seeking even when not contemporaneously available . Much less information is available on the effects of wheel-running in adolescents and on nicotine self-administration.
The purpose of this study was to determine if wheel-running during an abstinence period would prevent subsequent nicotine-seeking in rats that began self-administering nicotine during adolescence. An extended access paradigm was used to approximate human access conditions (Paterson and Markou 2004; O'Dell et al. 2007 ). Specifically, rats given extended access to nicotine (23 h/day) have been reported to achieve daily nicotine levels that are comparable to those observed in humans (i.e., 0.18-1.38 versus 0.14-1.14 mg/kg nicotine in rats and humans, respectively; Valentine et al. 1997) . Importantly, such conditions also lead to the development of physical dependence (i.e., withdrawal symptoms; O'Dell and Koob 2007) and, after prolonged abstinence, produce increased subsequent nicotine-seeking (e.g., increased drugseeking behavior and increased motivation to obtain the drug; Abdolahi et al. 2010) . The effects of 2 h/day access to a running wheel on nicotine-seeking were assessed at a time when levels of nicotine-seeking are known to be high (Abdolhai et al. 2010 ) using a within-session extinction/cueinduced reinstatement paradigm. Two doses of nicotine were used in this study to model light versus moderate-to-high levels of consumption. Additional groups of rats were given access to saline infusions in order to determine whether nicotine was functioning as a reinforcer under these extended access conditions. Additionally, given previous findings showing that light/auditory cues have reinforcement value (Caggiula et al. 2001; Olsen and Winder 2012) , these saline controls established baseline levels of responding in the presence and absence of cues, and allowed us to then determine whether prior nicotine self-administration affects subsequent extinction and reinstatement responding. These saline groups also served as a control for nonspecific effects of wheel-running on subsequent lever responding during extinction and reinstatement. We expected to find a differential effect of wheel-running in attenuating nicotine-seeking, with the greatest benefit seen in rats that formerly self-administered the lower nicotine dose since these rats were expected to self-administer less nicotine and have lower levels of subsequent nicotine-seeking as compared to rats that formerly self-administered the higher dose.
Materials and methods

Animals
Male Sprague-Dawley (Charles River Laboratories, Portage, ME, USA) rats (N=55) arrived at the laboratory on postnatal day (PND) 22 with nicotine self-administration taking place from PND 30 to PND 45. Upon arrival, animals were individually housed in self-administration chambers within sound attenuating boxes (Med Associates, St Albans, VT, USA). Rats were maintained on a 12-h light/dark schedule (lights on at 0700 and off at 1900) and had free access to food and water throughout the experiment. To ensure rapid acquisition of nicotine self-administration during the narrow window of adolescence, rats were pre-trained to lever-press for sucrose pellets (45 mg) as described previously (Lynch 2008) . Briefly, on PND 25, rats were permitted daily 23-h access to leverpress for sucrose pellets under a fixed ratio 1 (FR1) schedule in which a response on the active lever resulted in the delivery of a sucrose pellet from an automated food hopper. No light or auditory cues were used in these pre-training sessions. Pretraining was terminated after 2 days of responding for 50 or more sucrose pellets. Animals were weighed upon arrival, prior to surgery, for the 2 days following surgery and three times a week thereafter. All procedures were approved by the Animal Care and Use Committee at the University of Virginia.
Drug
Nicotine bitartrate (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9 % sterile saline (pH7.4) and passed through a microfilter; the doses are expressed as the free base weight. Two doses of nicotine were used in this study; a low (5 μg/kg/infusion) and a moderate (10 μg/kg/infusion) dose were selected because our pilot studies indicated these doses lead to nicotine intake that were comparable to light and moderate-to-heavy smoking, respectively. Infusions of saline or nicotine (5 μg/kg/infusion and 10 μg/kg/infusion) were delivered at a rate of 0.1 ml/s. Infusion duration was based on each individual's weight which was adjusted three times a week. Nicotine solution was stored in the dark at 4°C but was available at room temperature during selfadministration.
Surgery
On PND 28, rats were implanted with a chronic indwelling silastic catheter (0.51 and 0.94 mm o.d.; Dow Corning Corporation, Midland, MI, USA) to allow intravenous selfadministration of nicotine or saline as described previously (Lynch 2009 ). Briefly, rats were anesthetized with a combination of dexmedetomidine (0.2 mg/kg) and ketamine (40 mg/kg). Between 1.6 and 2.0 cm of the catheter was inserted into the right jugular vein and anchored in place with suture. The other end was led subcutaneously to a small incision between the scapulae and connected to a metal cannula within a silicone harness that the animal wore for the remainder of the experiment. To ensure the patency of the catheter, it was flushed with heparinized saline every other day prior to the daily sessions. The animals were given 2 days to recover from surgery.
Nicotine self-administration Self-administration sessions began on PND 30 in the selfadministration chambers in which the rats were housed. Chambers contained a house light (4.76 W) that was illuminated from 0700 to 1900 daily; two levers, a retractable active lever (drug-associated lever) and a stationary inactive lever; and holders for a food receptacle and water bottle. Above the active lever, there was a light (4.76 W) that was illuminated during infusions. The pump containing the drug syringe was mounted within the sound attenuating chamber; therefore, the rat also received auditory cues from the pump during infusions. To signal the beginning of a session, the active lever was extended into the chamber. All selfadministration occurred under a FR1 schedule in which a single response on the active lever led to an infusion of nicotine. A response on the inactive lever was recorded but had no programmed consequence. A schematic of behavioral experiments is depicted in Fig. 1 . Rats were initially trained to self-administer nicotine (5 or 10 μg/kg/infusion, N=21 or 18, respectively) or saline (N=16) under limited access conditions. Beginning on PND 30, rats were permitted a maximum of 20 infusions per day for 5 days (first shaded box in Fig. 1 ). Once 20 infusions had been delivered within a session, the active lever was retracted from the self-administration chamber. Animals were said to have acquired nicotine self-administration after two consecutive days of receiving all 20 infusions with a 2:1 preference for the active lever over the inactive lever.
Beginning on PND 35, self-administration access was extended to 23 h/day with an unlimited number of infusions available per session. Rats were then switched back to limited access conditions with a maximum of 20 infusions per session for 2 days prior to abstinence (second shaded box in Fig. 1 ) in order to normalize nicotine intake within each dose condition prior to abstinence.
Wheel-running
On PND 47, rats were moved to polycarbonate cages with a wheel attachment (diameter = 35.6 cm; Med Associates) for the 10-day abstinence period. Rats were randomly assigned to either 2-h/day access to a locked (saline n=8; 5 μg/kg dose n=11; 10 μg/kg dose n=9) or unlocked (saline n=8; 5 μg/kg dose n=10; 10 μg/kg dose n=9) running wheel condition. A revolution counter attached to the wheel measured every quarter turn of the wheel and revolutions were recorded after each daily 2-h session. In the unlocked wheel condition, rats were free to run in the wheel during the daily access sessions. Rats in the locked wheel condition were able to enter the wheel; however, the wheel was stationary and they were not able to run. Wheel access sessions occurred between 1000 and 1200, during the light phase of the light/dark cycle.
Extinction and cue-induced reinstatement
Following the last wheel session, animals were moved back to their operant conditioning chambers for the remainder of the day. Nicotine-seeking was then tested the following day (PND 57) under a within-session extinction and cue-induced reinstatement paradigm. Extinction responding was examined in at least five sessions that were each 1 h in duration until responding extinguished (defined as fewer than 15 responses in the last session). Each extinction session began with the extension of the active lever into the selfadministration chamber. Responses on the active lever were recorded but had no programmed consequence. At the end of each session there was a 5-min timeout period in which the active lever was retracted to separate each extinction sessions. The 1-h reinstatement session began after the final extinction session and a 5-min timeout with the introduction Fig. 1 Schematic of behavioral protocol by postnatal day (PND). Selfadministration began with a 5-day acquisition period in which rats were limited to 20 infusions/day under a fixed ratio 1 (FR1) schedule. Subsequently, rats were permitted an unlimited number of infusions for 23 h/day during the 10-day extended access period. Next, infusions were again limited to 20 infusions/day for 2 days prior to forced abstinence. During the 10-day abstinence period, rats had 2-h access to either a locked or unlocked running wheel each day. After the last exercise session, rats were returned to self-administration boxes and the following day began a within-session extinction/cue-induced reinstatement paradigm of the active lever into the chamber and presentation of the discrete cues formerly associated with nicotine (i.e., the stimulus light and the sound of the pump) for 5 s. Each response on the active lever during this session resulted in the presentation of these cues but did not produce an infusion of nicotine or saline.
Data analysis
All data are presented as mean ± standard error of mean (SEM). Repeated measures analysis of variance (ANOVA) was used to analyze group differences in extended access self-administration, wheel-running during the abstinence period, and lever responses during extinction and reinstatement sessions. The main dependent measures included daily number of infusions during extended access, average daily intake during extended access, daily distance run during abstinence, and total responding during the extinction and reinstatement sessions. In addition to these analyses, we also further examined rates of extinction by comparing the number of sessions required to meet the extinction criterion using univariate analysis of variance. Specifically, although a minimum of five extinction sessions were run, some animals met the extinction criterion in fewer than five sessions and some required one (two rats within the 5 μg/kg dose locked wheel condition, two within the 5 μg/kg dose unlocked wheel condition, and one rat within the 10 μg/kg unlocked wheel condition) or more additional sessions (one rat within the 10 μg/kg dose locked wheel condition). All post hoc analyses were done using the Bonferroni corrected t test. One-tailed t tests were used to test all a priori predicted comparisons. Specifically, we predicted that nicotine as compared to saline would lead to higher levels of responding under both extended access conditions and extinction/reinstatement testing conditions, that intake during extended access conditions and levels of responding during extinction/reinstatement would be highest in the 10 μg/kg dose group, and that wheel-running would decrease levels of extinction/reinstatement responding, particularly in the 5 μg/kg dose group. The Pearson correlation coefficient was used to determine the associations between wheel-running and subsequent extinction and reinstatement responding. Statistical analyses were performed using SPSS (version 20) and alpha was set to 0.05 for all tests.
Results
Extended access
During the extended access period, rats that selfadministered nicotine at the 5 and 10 μg/kg doses obtained significantly more infusions than rats that self-administered saline ( Fig. 2a; overall effect of group, F 2,52 =18.2, p< 0.001; 5 μg/kg versus saline, t 35 =5.6, p<0.001; 10 μg/kg versus saline, t 32 =6.6, p<0.001). Although the number of infusions obtained did not differ between the 5 and 10 μg/kg groups, average nicotine intake was significantly greater for the 10 μg/kg group as compared to the 5 μg/kg group (effect of dose; F 1,35 =14.0, p<0.01; Fig. 2b) . Importantly, within each dose, intake did not differ for rats that would later be in the unlocked and locked groups. Thus, any potential differences found in subsequent nicotine-seeking behavior cannot be attributed to differing levels of nicotine intake.
Inactive lever responding was comparable to the low levels of active lever responding observed among saline controls and did not differ significantly between groups. The average daily inactive lever responses during the extended access period were 22.5±6.6, 31.6±6.9, and 27.6± 5.4 for saline, 5 μg/kg dose, and 10 μg/kg dose groups, respectively. Animal weights were the same across all conditions at the onset of self-administration (saline, 102±3 g; 5 μg/kg dose, 97±2 g; 10 μg/kg dose, 98±3 g). At the end of the self-administration period, however, the nicotine groups weighed slightly less than the saline group, although this effect did not reach statistical significance (saline, 225± 6 g; 5 μg/kg dose, 204±7 g; 10 μg/kg dose, 213±5 g).
Wheel-running during abstinence
Although time-dependent changes in daily levels of running were observed where levels of running increased over time (Fig. 3a) , overall levels of running did not differ between doses. A repeated measures ANOVA revealed a significant effect of day (F 9,216 =4.3, p<0.001), but a non-significant effect of dose and a non-significant interaction of group by day. The similarity between the doses for levels of running is further illustrated in Fig. 3b where data are plotted as average daily distance run for the 0, 5, and 10 μg/kg groups.
Extinction and cue-induced reinstatement
Levels of extinction responding were highest in rats that self-administered nicotine and were given access to a locked wheel during abstinence (Fig. 4) . A repeated measures ANOVA on responding across the five extinction sessions revealed a significant effect of dose (F 2,49 =6.5, p<0.01) and wheel condition (F 1,49 = 6.2, p < 0.05) (Fig. 4) . Subsequent analysis of total extinction responding within each dose revealed a significant effect of wheel condition within both the 5 and 10 μg/kg nicotine groups (t 19 =2.0, p<0.05; t 16 =1.9, p<0.05, respectively), but not within the saline group. Within the locked wheel condition, levels of extinction responding were significantly higher within both nicotine groups as compared to saline controls (effect of dose, F 2,25 =4.0, p<0.05; 5 μg/kg versus saline, t 17 =3.1, p<0.01; 10 μg/kg versus saline, t 15 =3.0, p<0.01; Fig. 5 ). Similarly, under unlocked wheel conditions, both nicotine groups had higher levels of responding during extinction as compared to saline (effect of dose, F 2,24 =3.5, p<0.05; 5 μg/kg versus saline t 16 =2.7, p<0.05; 10 μg/kg versus saline t 15 =2.4, p<0.05); however, no difference was observed between the two nicotine dose conditions. Extinction responding was higher in the initial sessions particularly the first session as compared to later sessions with results from the overall ANOVA revealing a significant effect of time (F 4,196 =5.4, p<0.001) . Although no significant interaction of time by dose was observed when levels of responding were examined across the five sessions of extinction, analysis of the number of sessions required to meet the extinction criteria revealed a significant effect of dose (F 2,49 =4.2, p< 0.05), where both nicotine groups took significantly longer to extinguish responding as compared to saline (5 μg/kg versus saline, t 35 =2.4, p<0.05; 10 μg/kg versus saline, t 32 =3.0, p <0.01). However, no overall effect of wheel condition was observed on rates of extinction. There was also no association between the levels of wheel-running and subsequent extinction responding. Analysis of the inactive lever responses during extinction revealed no effect of dose or wheel condition. Inactive lever responding for locked and unlocked wheel conditions were 8.3±3.2 and Fig. 2 Nicotine is reinforcing in adolescent rats. a Number of infusions (mean ± SEM) is plotted for each of the 10 days of extended access period. The open circles represent saline data points (n=16), gray triangles represent the 5 μg/kg data points (n=21), and black squares represent the 10 μg/kg data points (n=18). An asterisk indicates a significant difference from saline (p<0.05). b Average daily intake during extended access (mean ± SEM) is plotted for all nicotine groups. Solid gray bar represents the locked wheel condition in the 5 μg/kg dose (n=11), gray checkered bar represents the unlocked wheel condition in the 5 μg/kg dose (n=10), black solid bar represents the locked wheel condition in the 10 μg/kg dose (n=9), and black checkered bar represents the unlocked wheel condition in the 10 μg/kg dose (n=9). The bar and asterisk indicates a significant effect of dose (p<0.05) Fig. 3 Nicotine selfadministration does not affect wheel-running. a Number of revolutions (mean±SEM) is plotted for each of the 10 days during the abstinence period. The open circles represent saline data points (n=8), gray triangles represent the 5 μg/kg data points (n=10), and black squares represent the 10 μg/kg data points (n=9). b Average daily distance run in kilometers (mean ± SEM) is plotted between groups. The white bar represents the saline condition, the gray bar represents the 5 μg/kg dose, and the black bar represents the 10 μg/kg dose 11.0±3.4, 15.9±2.8 and 14.8±4.0, and 21.0±6.8 and 6.2± 2.5 for saline, 5 μg/kg dose, and 10 μg/kg dose groups, respectively. Thus, nicotine-seeking as assessed under extinction conditions was enhanced following abstinence in both nicotine groups, and wheel-running during abstinence attenuated this effect.
In contrast to the effects seen in extinction responding, levels of reinstatement responding did not differ by wheel condition. In fact, levels of reinstatement responding were relatively low and although a significant effect of time was observed when comparing levels of responding during the last extinction session to those observed during the reinstatement session (F 1,49 =13.8, p<0.01; Table 1), the interactions of time by wheel condition and time by wheel condition by dose were not significantly different. We did, however, observe a trend for a significant time by dose interaction (p=0.053) with subsequent comparisons within each dose revealing a significant effect of time in both the 5 and the 10 μg/kg doses (F 1,19 =19.7, p<0.001; F 1,16 =4.7, p<0.05, respectively) but not the saline, suggesting a tendency for nicotine to induce reinstatement responding. In order to further explore this possibility, we examined responding during just the reinstatement session and found a significant effect of dose (F 2,49 =3.4, p<0.05) with reinstatement responding higher in both nicotine doses as compared to saline (5 μg/kg dose versus saline t 35 =3.7, p<0.01; 10 μg/kg dose versus saline t 32 =2.2, p<0.05). Importantly, the total number of responses during the last extinction session did not differ significantly by dose or wheel conditions. There was no association between the levels of wheel-running and subsequent reinstatement responding. Analysis of the inactive lever responses during reinstatement revealed no effect of dose or wheel condition. Inactive lever responding for locked and unlocked wheel conditions were 0±0 and 2.3±1.1, 1.5±0.7 and 2.5±1.5, and 0.7±0.3 and 1.0±0.8 for saline, 5 μg/kg dose, and 10 μg/kg dose groups, respectively. Although nicotine induced subsequent reinstatement responding, levels were modest, variable, and did not differ by wheel condition.
Discussion
The goal of this study was to determine if wheel-running during an abstinence period would attenuate subsequent nicotine-seeking in an adolescent-onset model of nicotine addiction. Consistent with our hypothesis, wheel-running during abstinence significantly attenuated nicotine-seeking. However, in contrast to our hypothesis, levels of nicotineseeking were comparable between the two dose conditions, and wheel-running produced a similar decrease under both dose conditions. The effects of wheel-running were also apparent under extinction conditions, but not under cueinduced reinstatement conditions where levels of responding were relatively low and variable. The present study is the first to show that wheel-running effectively reduces drug-seeking in an adolescent-onset model, as well as the first to demonstrate its efficacy for nicotine.
Wheel-running during abstinence attenuated subsequent extinction responding in animals that had previously self- Fig. 4 Wheel-running during abstinence period significantly attenuates nicotine-seeking during extinction. Number of responses (mean ± SEM) is plotted for each of the first five extinction sessions. Open circles represent the locked wheel condition (saline, n=8; 5 μg/kg dose, n=11; 10 μg/kg dose n=9) condition, and black circles represent the unlocked wheel condition (saline, n=8; 5 μg/kg dose, n=10; 10 μg/ kg dose, n=9). A bar and asterisk indicates a significant effect of exercise condition (p<0.05) Fig. 5 Wheel-running effectively reduces during extinction responding in both nicotine doses. Total number of responses during the first five extinction sessions (mean ± SEM) is plotted by dose and wheel condition. White bars represent the locked wheel condition and black bars represent the unlocked wheel condition. The asterisk indicates a significant difference from saline counterpart (p<0.05) and the number sign indicates a significant difference from unlocked wheel group within dose (p<0.05) administered nicotine. This finding is consistent with previous work in which wheel-running during an abstinence period significantly attenuated subsequent cocaine-seeking in adult rats . Furthermore, as was found in Lynch et al. (2010) , in this study there was no association between levels of wheel-running and drug-seeking. It is also important to note that the rats were permitted to run during the light phase of their light/dark cycle where the levels of wheel-running are expected to be lower as compared to the dark phase. Despite the time of day and modest levels of running in the wheel, we observed a significant attenuation of extinction responding 10 days after the last selfadministration session and 1 day after the last wheelrunning session. Taken together, these data suggest that even modest levels of exercise may produce a beneficial effect on nicotine-seeking that persists beyond the acute bout of exercise.
Surprisingly, levels of cue-induced reinstatement were not affected by prior wheel-running. This findings is in contrast to studies with cocaine, where wheel and treadmill running have been found to decrease subsequent cocaineseeking under both extinction and reinstatement conditions Smith et al. 2012; Thanos et al. 2013) . One possible explanation for these discrepant results is that exercise differentially affects drug-seeking during extinction versus reinstatement in rodents that previously selfadministered cocaine versus nicotine. However, a more likely explanation is that the effects of wheel-running during reinstatement were obscured in the present study by a floor effect. Specifically, levels of reinstatement responding under control locked wheel conditions were relatively low (mean, 9±4) and variable (0-74 responses). Indeed, within the locked wheel condition, levels of reinstatement responding were roughly one third of the average observed in these same animals during the first hour of extinction, and comparable to the wheel-running-attenuated levels observed during hour 1 of extinction within the unlocked wheel condition. The levels of reinstatement responding observed here are also much lower than those observed previously for cue-induced reinstatement following cocaine selfadministration. In addition to differences in the levels of reinstatement responding induced following cocaine versus nicotine self-administration, age may account for this floor effect. Specifically, recent findings with cocaine show that while a cocaine prime or stressor led to robust reinstatement in adolescents, the presentation of cues did not reinstate cocaine-seeking in this age group. However, in the adult comparison group, cues, stress, and cocaine prime all reinstated cocaine-seeking . These findings suggest that cueinduced reinstatement is not sufficiently robust in adolescents to reveal an effect of exercise. Cue-induced reinstatement is known to rely on the prefrontal cortex (Koya et al. 2009) , and given that this brain region continues to develop throughout adolescence (Counotte et al. 2011; Geidd 2004) , it is possible that adolescents are less vulnerable than adults to drug-seeking in response to cues. Further research is needed to address this possibility.
During the self-administration period, nicotine maintained significantly higher levels of responding than did saline, indicating that nicotine was functioning as a reinforcer in these adolescent rats. As has been previously reported with extended access conditions (O'Dell et al. 2007; Valentine et al. 1997) , the higher (10 μg/kg) dose of nicotine maintained significantly higher levels of intake than did the lower (5 μg/kg) dose of nicotine. However, despite the differences in levels of intake and in contrast to our hypothesis, we found that levels of nicotine-seeking were similar between rats that had self-administered either the higher or lower dose of nicotine, and that wheel-running during abstinence was equally effective at reducing nicotine-seeking during extinction between both nicotine groups. These results suggest that exercise may be equally effective in both light and moderate to heavy smokers. It should be noted, however, that because rats metabolize nicotine faster than humans, both doses of nicotine may have resulted in lower levels of nicotine in the brain as compared to those achieved in human smokers (Matta et al. 2007) . Although exercise can also affect drug metabolism (Døssing. 1985) , this would not have been a contributing factor in this study because wheel-running did not overlap with nicotine self-administration.
There are currently no FDA-approved drug therapies for smoking cessation in adolescent smokers. The findings from this study showing that wheel-running during abstinence attenuates subsequent nicotine-seeking in an adolescent- The mean (± SEM) number of active lever responses a Indicates a significant increase in responding from last extinction (p <0.05) b Indicates a significant increase from saline (p<0.05)
onset model suggests that exercise may effectively prevent smoking relapse in teens. Our current findings in rats are also consistent with recent findings in adolescent humans showing that high school students enrolled in an afterschool program with an exercise component were more likely than other high school students to abstain from smoking (Horn et al. 2011) . One factor to consider is that while wheel-running is highly reinforcing in rats, humans have different affinities for various types of exercise (Ekkekakis et al. 2008 ) and may benefit most from exercise that they "like" to do. In the present study, rats that ran in the wheel showed a significant benefit as compared to rats that could only sit or climb on the wheel and thus appear to benefit from aerobic-like exercise. Future studies should explore the benefits of aerobic and non-aerobic exercise on adolescent smoking behavior.
